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Abstract
Galaxies are formed in various environments of the Universe, such as clusters, groups, fields
and voids. During the last decade, we have seen a great improvement in understanding galaxy
formation and evolution in field population at high redshift. Several dedicated observations on
gas content and kinematics have been conducted toward star forming galaxies in general fields;
at least up to z ∼ 3, both a large gas content and efficient star formation explain the high cos-
mic star forming activity at high redshift galaxies, and turbulence in gas has been also found to
increase. In contrast, such observations are lack in overdense regions at high redshift. Overdense
regions in the early Universe are expected to be a progenitor of the present-day clusters of galax-
ies, so that we refer as protoclusters.
Probing star-forming galaxies in protoclusters is essential for understanding the formation
mechanism of disks and early-type galaxies, and environmental effects at the very early epoch
of cluster and galaxy formation. A few observations in overdense regions have focussed only
on extremely bright populations of star-forming galaxies and AGNs, which are easy to probe in
more details. Observational studies of less extreme, typical star-forming galaxies have been de-
sired but not executed yet, because they need large survey volumes, spectroscopic confirmation
of member galaxies and a proper sample selection of protoclusters. Recently, well-defined over-
dense regions as targets for the studies have been increasing by large surveys, and allowed us to
perform systematic surveys of star forming galaxies in overdense regions.
In this Thesis, we report on a systemic study on the cold gas properties for the first time to-
ward typical star forming galaxies in a z = 2.49 protocluster, which is one of the overdense
regions of H-alpha emitters (HAEs), the star forming galaxies. We observed the HAEs in dust
continuum emission at 1.1 mm and in CO rotational transitional lines (CO (3–2) and CO (4–3))
with Atacama Large Millimeter/submillimeter Array (ALMA); our sample for the study consists
of 25 HAEs found by the Subaru telescope.
We probe the global gas content of the star forming galaxies associated to the protocluster
by using the 1.1 mm dust continuum and CO (3–2) emissions observed at spatial resolutions of
0′′.7 − 0′′.9. We detect the CO (3–2) emission from seven HAEs and the 1.1 mm dust contin-
uum from four HAEs, among 22 and 19 HAEs targeted, respectively. Two independent gas-mass
estimates from the CO (3–2) and 1.1 mm are consistent with each other for simultaneous de-
tections. From the gas measurements, we find that the average gas fraction of the star forming
galaxies is comparable to that of field galaxies, with fgas(= Mgas/(Mgas+M⋆)) of 0.53±0.07. We
find a correlation between the gas fraction and mass, and between the gas fraction and the local
density, though the latter case is very marginal. Furthermore, we find that the average depletion-
time scales of HAEs are similar to those obtained in fields. A positive correlation between the
global star forming efficiency and the stellar mass is tentatively found in the mass range of
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logM⋆ = [10.64, 11.30]. Further studies are necessary for the confirmation of the correlation
by observing a larger number of galaxies in a wider mass range.
We also analyze CO (4–3) data observed toward 16 HAEs, a subset of 22 HAEs observed in
CO (3–2). We detect a total of ten HAEs in CO (4–3); five galaxies are previously detected in
CO (3–2) line, and other five HAEs are newly detected in CO (4–3). The redshifts are roughly
consistent between CO (3–2) and CO (4–3) for the five HAEs, which provides more robust de-
tection of the CO emissions. From the CO redshifts, we calculate the halo mass of the protoclus-
ter and the estimate suggests the protocluster to be a possible candidate for local Virgo-like clus-
ters. The spatial resolution in CO (4–3) is 0′′.3× 0′′.5, which is improved by a factor of two than
our previous CO (3–2) observations. Two galaxies, HAE8 and HAE16, are detected in relatively
high S/N > 8, and show indications of disk-like galaxies with smooth velocity gradients in the
data cubes. It allows us to make a detailed kinematic model for these galaxies. From the best-
fit model, we estimate a ratio between rotational velocity (Vrot) and intrinsic velocity dispersion
(σ0), which evaluates how rotation dominates the gas kinematics. HAE16 shows a clear velocity
gradient and Vrot/σ0 ≃ 2, and HAE8 has a less clear velocity gradient with a narrower line width
and Vrot/σ0 ≃ 10. Provided the average value that found in fields, which is Vrot/σ0 ∼ 4, the
ratios found for protocluster galaxies seem to be consistent with that obtained in general fields,
if we consider a large scatter of the observed Vrot/σ0 in field disk-like galaxies and a large uncer-
tainty in the estimate from the modeling. We also find that these two galaxies are consistent with
local spiral galaxies in terms of the specific angular momentum; they need to lose the angular
momentum to evolve into elliptical galaxies. Also, they are located within the expected range
of Tully-Fisher relation at high redshift (z ∼ 2). In addition to these disk-like population, we
also find three candidates of mergers or interacting galaxies by investigating CO line widths and
images in CO velocity channels together with a help of multi-band Opt/IR data sets, e.g., high
spatial resolution Ks-band images. Such merger candidates need to be investigated by future
deeper, higher angular resolution observations for the confirmation.
Our findings on cold gas properties suggest that the nature of protocluster galaxies is, on av-
erage, similar to those in general fields. We find no clear environmental dependence, although
some tentative hints are found; (1) a larger (by 13%) scatter in gas fraction, (2) a negative corre-
lation between depletion time scale and stellar mass (at almost fixed sSFR and redshift), and (3)
a high value of V/σ ≃ 10 for one of two disk galaxies. We need to investigate such trends with a
large sample of galaxies as well as with higher angular resolution imaging.
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Preface
bi`QMQKv biM/b b i?2 QH/2bi Mim`H b+B2M+2 i?i /i2b #+F iQ M@
iB[mBiv. The behavior and the beauty of the sky have always tempted the human being to learn
about what makes the world the way it is. While the tools including telescopes and supercomput-
ers have been sophisticated and enlarged in the modern astronomy, we pursue similar desires of
ancient people to demystify the nature of the universe.
Our current knowledge is mostly on only 5% of the composition of the Universe (Planck Col-
laboration et al. 2016). It is the baryonic matter that we could be able to ‘see’ so far and there-
fore, vital to expand our grasp of the Universe. In this dissertation, we investigate key underlying
questions related to galaxies that are composed of baryonic matter, with hopes to address the
concept of galaxy evolution in the distant universe within the larger scale structures.
We present the Introduction with a contextual summary of the former related studies on galaxy
formation and evolution. The first section provides observational and the theoretical foundations
of hierarchical structural formation and the following section describes observational challenges
and successful methods to study high redshift (proto)clusters. Next, several important scaling
relations between observables are reviewed, which include the correlations between global gas
content (Mgas), star formation rate (SFR), stellar mass (M⋆) and galaxy size. Finally, we invoke
an important paradigm to probe galaxy evolution, i.e., environment (nurture) versus mass (nur-
ture) and present the parameter spaces that are addressed within the Dissertation.
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1.1 Formation of the cosmic web
1.1.1 Cosmological context : first stars and galaxies
The concordance model for cosmology is ΛCDM (Λ cold dark matter)*. It has been established
based on the detailed observations of the cosmic microwave background (CMB, Planck Collab-
oration et al. 2016) with a joint analysis of type Ia supernovae (SNe Ia) (Riess et al. 1998; Perl-
mutter et al. 1999) and baryonic acoustic oscillation (BAO). The precise determination of the
cosmological parameters allows us to know the geometrical curvature as well as the mass and en-
ergy budget of the Universe. The total (mass-)energy of the Universe consists of three main com-
ponents : baryons, cold dark matter and dark energy. Only a small fraction of the total budget
is associated to baryons, which is at most five per cent. Baryons indicate all ordinary matters in
astronomy that are ‘visible’ including protons, neutrons and leptons. Cold dark matter compose
about a third of the budget, i.e., ∼ 27 %, which is a form of matter to account for gravitational
effects. It is inferred to exist from the observations of rotation curves of galaxies, gravitational
lensing of galaxy clusters, enhanced clustering of galaxies, and to explain BAO. Dark energy is
the other form of “matter”, which consists of the 69% of the total energy budget, to explain the
accelerated expanding universe.
In the ΛCDM model, the Universe was in a very hot and dense state after the Big Bang 13.8
Gyr ago. The temperature was so high that all the matters were ionized and suffered many Thomson-
scattering collisions with electrons. With the expansion, the Universe was eventually cooled
down. The density also decreased enough, so that it was possible to propagate the radiative infor-
mation of the recombination between electrons and protons (mostly Hydrogen and Helium). This
is the CMB, the ‘surface of last scattering’ that occurred at z ∼ 1100, or 380, 000 years after the
Big Bang. The CMB looked very homogeneous but turned out to have tiny fluctuations.
The primeval perturbations grew and became the seeds of the first structures in the universe.
It gave rise to the formation of the Large-scale structure (LSS) that we observe now (Figure 1.1).
The structural growth is at first mainly driven by collisionless cold dark matter to increase its
density under the effect of inexorable attraction of gravity. The growth of dark matter proceeds
hierarchically. The Jeans mass (Jeans 1902), just after the time of recombination (or decoupling
*Recently, a tension for the Hubble constant, H0, was reported between the Planck observations and
the local measurements, where the difference is larger than 3σ (e.g., Riess et al. [2016]). While it is tempt-
ing, the subject needs to be tested in more details, which is not our main consideration. Hence, we regard
the ΛCDM as the concordance model.
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Figure 1.1: The Large-scale structure that is observed (blue and purple) and simulated (red). Taken from
Springel et al. [2006]
of matter from photon), was an order of 105 h−1 M⊙, which is close to the mass of globular clus-
ters or dwarf galaxies. The mass scales above the value become unstable and collapse. The con-
centrated structures of dark matter after the collapse keep growing by mass accretion from outer
regions and they merge into a complex network of dark matter, well before baryons (Gunn &
Gott 1972). Gas then cools down and decouples from dark matter. The complex star-forming
processes start and finally these first stars gather to form first galaxies.
1.1.2 Protoclusters and clusters
The build-up of larger structures further proceeds. Clusters and other large structures including
filaments, sheets and walls, are formed via mergers of many smaller haloes. All of these large
scale structures have vague boarders and are all continuously linked.
Although the number density of present-day massive clusters is small (e.g., Bahcall & Cen
[1993]), the studies of clusters and its progenitors, protoclusters, provide critical constraints on
both cosmological (e.g., Allen et al. [2011] for a recent review) and galaxy formation model.
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Hereafter, we refer to a progenitor of clusters† as a protocluster‡.
In particular, the formation of massive elliptical galaxies can be investigated by probing pro-
toclusters at high redshifts. Blumenthal et al. [1984] suggested that the formation of the galax-
ies would be different according to their environment. In moderate dense regions, disk galaxies
are formed by angular momentum conservation during the collapse (e.g., Mo et al. [1998]). In
denser regions, elliptical galaxies are formed by multiple mergers. As such, we expect to wit-
ness the formation of elliptical galaxies in high redshift overdense regions and the merger-driven
formation scenario should be tested by observations.
There is a lack of observational studies on the very early stages of galaxy cluster formation
before virialization and on the galaxy evolution during that time. Theoretical studies and simu-
lations have provided rather a clear picture that needs to be tested with observations : at z ∼ 10,
star forming activities within the protoclusters could contribute to ∼ 50% of the cosmic star for-
mation rate density (CSFRD), in contrast to the contribution of local clusters which is negligible
(∼ 1%) (Chiang et al. [2017]); at z ∼ 1 − 4, the protoclusters begin to virialize and transform
into a typical massive cluster, and more than a half of the total stellar mass contained in present-
day clusters is assembled during the period (e.g., Chiang et al. [2013, 2017]). We note that the
later epoch between z = 1 and z = 3 (the “target” epoch of this dissertation) is also crucial for
understanding the assembly of massive galaxies as a whole (e.g., Madau & Dickinson [2014]).
Difficulties in identifying protoclusters
The observational studies of protoclusters are more difficult and complex, because we have
insufficient information to trace the formation and the evolution of both such large structures
and galaxies inside them. Here, we list various aspects that have caused the lack of observational
studies toward protoclusters.
• The rarity of massive (enough) haloes : considering the hierarchical formation, the halo
mass above 1013 M⊙ is rare at z > 2. Instead, a modest overdensity is often used as
a probe for protoclusters, which might increase the chance of misidentification of other
large-scale structures such as filaments.
†Here, we define a galaxy cluster that is with halo mass above 1014 M⊙.
‡But it is important to understand that the definition of protocluster is only practical in theory and
simulations. See the difficulties in defining a protocluster presented in the next page.
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• Limited survey volume to constrain the evolution of overdense regions: the expected size
of protoclusters at such high redshift is extremely large that extends over a few hundred
comoving Mpc (Chiang et al. [2013]). Therefore, it would be difficult to pick out a proper
density contrast in a probed volume that is, in general, too small in the up-to-date large
surveys. Besides, it is difficult to confirm whether even a moderate density region, which
is probed in a limited volume, is a genuine progenitor of clusters or a dense structure that
can be other, e.g., filaments, the similar concern as the previous item.
• Difficulties in halo mass measurement : although the halo mass of a protocluster can be
used as one of the tracers to infer the evolutionary stage and descendants of the protoclus-
ter, the mass itself is hard to measure, since the protocluster may not be dynamically sta-
ble and have undefinable morphology (i.e., not spherical); by the nature of the definition,
a protocluster is not virialized yet and still in a merging phase of smaller dark matter ha-
los. Therefore, extrapolating the evolution with the observed overdensity should be taken
cautiously.
Provided these obstacles, we may need to accept the limitations of what we can do now, and
at the same time, observational strategies need to be improved by the inputs from theories and
simulations.
Methods to find protoclusters
Virialized clusters have been identified by finding hot, gaseous components around the cluster,
using X-ray or inverse-Compton scattering of CMB photons, the Sneav-Zeldovich (SZ) effect, or
by probing a large volume in optical/NIR wavelengths using color selection to find red-sequence
galaxies. However, finding a protocluster is more difficult because the infant system is less
likely to have hot gas or to show enough density contrasts of galaxies, which is another method
of searching low-z (virialized) clusters. As mentioned previously, the methods for searching pro-
toclusters are basically finding the moderate density peaks. We list in the below the searching
methods that have been successful for searching high-z (z > 2) protoclusters.
• Serendipitous detections and large surveys : as by-products of large spectroscopic sur-
veys, several protoclusters have been found. The discoveries include the identification of
one of the largest structures located at z = 3.09, the protocluster SSA22 (Steidel et al.
[1998]). The combination of pre-selecting overdense regions from a large field survey and
performing follow-up observations for the spectroscopical redshift confirmation is another
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way to go faster to find overdense structures (e.g., Shimasaku et al. [2003]; Ouchi et al.
[2005]; Toshikawa et al. [2012]; Chiang et al. [2014]). A large number of candidate pro-
toclsuters are also found by Herschel and Planck telescopes, though the candidates need
spectroscopic confirmation (Clements et al. [2014]; Planck Collaboration et al. [2015]).
• Using radio galaxies, QSOs and submillimeter-bright galaxies (SMGs) as biased trac-
ers : finding overdense regions around massive populations has been one of the popular
methods to find protoclusters. Massive galaxies often indicate a signature of enhanced
blackhole accretion and/or star forming activities, which include radio galaxies, QSOs and
SMGs. Finding protoclusters around radio galaxies has been quite successful (e.g., Pas-
carelle et al. [1996]; Le Fevre et al. [1996]; Kurk et al. [2000]; Venemans et al. [2002];
Best et al. [2003]; Venemans et al. [2004, 2007]; Hatch et al. [2011]; Hayashi et al. [2012];
Cooke et al. [2014]). The hosts of radio galaxies are expected to be the most massive
galaxies (Seymour et al. [2007]) and are expected to be embedded in the most massive
halos (e.g., Rocca-Volmerange et al. [2004]; Orsi et al. [2016]). On the other hand, the
success rates in searching protoclusters around QSOs or SMGs have depended on the red-
shifts and/or the spatial resolutions, e.g., Djorgovski et al. [2003]; De Breuck et al. [2004];
Kashikawa et al. [2007]; Matsuda et al. [2011]; Umehata et al. [2014]; Smail et al. [2014];
Miller et al. [2015]).
• Gas absorption technique : another way to probe the density of the universe is using the
absorption lines by probing QSOs as background sources (e.g., Frye et al. [2008]; Mat-
suda et al. [2010]; Lee et al. [2014]; Chiang et al. [2015]). The method is based on the
idea that overdense regions at high redshift should have a large amount of cold or warm,
dense gas (Cai et al. [2016]).
With the presented methods, the number of identified protoclusters is increasing. The next
step is to investigate the individual galaxies associated to those protoclusters, though such stud-
ies have not been carried out extensively. This dissertation focusses on a protocluster “4C23.56”,
which is found around the high-z radio galaxy 4C23.56. We specifically investigate Hα emitting
galaxies (HAEs) associated to the protoclsuter, which are detected by the narrow-band (NB) fil-
ter technique to trace the star forming galaxies. The narrow band filter technique can effectively
choose a line emitting galaxy in a relatively secure redshift range defined by the width of the NB
filter (Δz ∼ 0.03 for our case)
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Figure 1.2: Cosmic evolution of star forming activity. Taken fromMadau &Dickinson [2014]
1.2 Cosmic star formation history and scaling relation
1.2.1 Gas content and star formation
The peak of star formation in the Universe is found at redshift between 1 and 3 (e.g., Madau
et al. [1996]; Madau & Dickinson [2014], Figure 1.2). By z = 1, about a half of the stellar mass
of the Universe is assembled (e.g. Bundy et al. [2005]; Mortlock et al. [2011]).
In investigating the assembly of cosmic stellar mass by star formation, it is important to probe
the fuel of star formation, i.e., cold gas. During the last several years, intensive surveys at FIR-to-
mm wavelengths have been conducted to probe the global (within the galactic scale of < 10 kpc)
gas content (Mgas) for a large number of star forming galaxies in both the local and the high red-
shift universe (e.g., Scoville et al. [2013]; Saintonge et al. [2013]; Santini et al. [2014]; Genzel
et al. [2015]; Decarli et al. [2016a]; Schinnerer et al. [2016]; Tacconi et al. [2017]; Scoville et al.
[2017]). The measurements of gas content have been done with either low-J CO lines or dust
continuum with a suitable conversion to probe the total cold gas (which is mainly composed of
H2 and He). Such observations have confirmed that the evolution of the cosmic star formation is
closely connected to the evolution of available gas content (Figure 1.3), which is the sum of the
gas that has been accreted and consumed. Feedbacks from the newly formed stars and the black
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Figure 1.3: Cosmic evolution of total gas mass. Taken fromDecarli et al. [2016a].
hole accretion may regulate the available gas.
In understanding the star-formation activity and the regulation of gas content, an empirical
relation is often investigated between the observed star formation rate (or star formation rate den-
sity) and the gas content (or gas density) (Kennicutt [1998b]). The ratio between the gas mass
and the star formation rate is a probe of the depletion time scale of the observed gas content
(τdepl. = Mgas/SFR). The inverse of the depletion time scale is a probe of star formation effi-
ciency (SFE =1/τdepl. for extragalactic survey in general, while a slightly different definition for
SFE is used for a resolved structure, ΣMgas/ΣSFR).
By investigating the time evolution of the empirical scaling relation of gas mass–SFR, the cos-
mic star formation seen at z = 1 − 3, which is found to be more active than that of the local
universe, can be dominantly explained by the higher gas fraction (fgas = Mgas/(Mgas + M⋆)),
rather than high SFE, at least for the typical star forming galaxies (on the main sequence§); both
SFE and fgas are increasing toward (at least) z ∼ 3 from z = 0, but SFE evolves rather smoothly
than fgas on the main sequence. This implies that the star forming activity of the main-sequence
galaxies is similar to that occurs in the present-day (e.g., Genzel et al. [2015]; Schinnerer et al.
[2016], Figure 1.4 for the evolution of the depletion time scale). Also, the observed high val-
§A brief introduction on the description of galaxy main-sequence can be found in the next Sec-
tion 1.2.2
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Figure 1.4: Cosmic evolution of depletion time scale for typically star forming, i.e., main sequence galaxies. And
its relation to deviation from themain sequence (δMS), size (δ R) andmass (δM⋆). Taken from Tacconi et al.
[2017].
ues of fgas andMgas appear to mimic the high gas supply rate at high redshift (e.g., Tacconi et al.
[2013]; Magdis et al. [2012]; Saintonge et al. [2013]; Sargent et al. [2014]; Genzel et al. [2015];
Scoville et al. [2014, 2016]; Schinnerer et al. [2016]). As such, current gas measurements de-
scribe the galaxy evolution well in the volume “averaged” view, i.e., in the general fields, at least
up to z ∼ 3.
Since galaxies evolve not only as a function of redshift, but also of the their environment,
one needs to understand how the gas content and its fraction change with the environment, from
fields to groups to clusters. Almost no gas measurements have been reported for the typical star
forming galaxies that are associated to overdense regions at high redshift, until this year¶. Main
reasons of the lack of the observations are owing to the difficulties in the identification in the
first order as illustrated in the previous section. The existing observations have been on one or
two samples of starburstsǁ (i.e., well above the main sequence > 0.6 dex) (e.g., Riechers et al.
¶Almost at the same time of this year, several papers are published related to the gas measurements
or detections for protocluster galaxies on the main sequence, including the work presented Chapter 3 e.g.,
Noble et al. [2017]; Hayashi et al. [2017].
ǁWe hereafter use the term ”starburst” to refer to a galaxy well above the main sequence (>0.6 dex),
which may include classical SMGs (i.e., S(850 μm)>5 mJy) as a sub-population. To be clear, the term
SMGs indicates galaxies generally detected with a submm single dish, which are in most cases unresolved.
We explicitly use the term “main-sequence SMGs” when these galaxies are, once resolved, on the main
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[2010]; Tadaki et al. [2014]) and the active galactic nuclei (AGNs) (e.g., Emonts et al. [2013])
per system, which do not represent the whole population in protoclusters; these populations
are rare. Therefore, we need to investigate the typical population on the galaxy main sequence
which dominates the total number. Studying the gas content of galaxies in different environ-
ments would provide crucial information on how galaxy evolution can affect or can be affected
by the surrounding environment during star formation and during the collapse and the merging
of halos to form clusters. With this motivation, Chapter 3 reports one of the first gas measure-
ments for high redshift overdense regions, and which is the highest redshift till now as one of the
systematic surveys.
1.2.2 The star formation main sequence
Another scaling relation related to star formation rate is a correlation between SFR and stellar
mass. It is often referred to the main sequence of star forming galaxies (e.g., Bell et al. [2005];
Elbaz et al. [2007]; Noeske et al. [2007]; Daddi et al. [2007]; Santini et al. [2009]; Whitaker
et al. [2012, 2014]; Speagle et al. [2014]). The correlation between two observables is very tight
within ∼ 0.3 dex and the power of the scaling relation is less than one, i.e., sub-linear. Provided
these, the origin of the star-forming sequence is often referred to a balance between the gas accre-
tion and outflow i.e., secular processes (e.g., White & Frenk [1991]; Mo et al. [1998]).
The correlation evolves as a function of time. The specific star formation rate at given stel-
lar mass has evolved by a factor 20 from z ∼ 2 to the present time. This means that the star
formation rate for massive star forming galaxiesM⋆ > 1010.5 M⊙ at z ∼ 2 is in excess of
100 M⊙ yr−1 (e.g., Shapley et al. [2003]; Daddi et al. [2007]). In local universe, such elevated
SFRs are mostly driven by mergers and often associated with starbursts. As opposed to the local
expectation, the high SFR at given mass is thought to be mainly produced by continuous mass-
dependent processes that declines gradually with time. Light profiles from the HST (e.g, Wuyts
et al. [2011]), recent IFU observations and spectroscopic data support this idea that the morpholo-
gies and the kinematic structures explain that the galaxies’ star forming activities are occurred
within a disk-like component, rather than by a merger (Fig 1.5, 1.6, 1.7, and 1.8).
A notable observational fact in the kinematic properties of the high redshift star forming galax-
sequence (with smaller flux densities). Recent higher-resolution follow-up observations with ALMA
demonstrate that such classical SMGs are in fact a mixture of starbursts and the main sequence galaxies,
when they are resolved and plotted on the plane of SFR-M⋆ (da Cunha et al. [2015]).
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Figure 1.5: The evolution of the star forming galaxies and Sérsic proﬁle. Taken fromWuyts et al. [2011]
Figure 1.6: Plot of velocity ﬁelds for High redshift galaxies at z ∼ 1 in SFR vsM* diagram that shows disk
rotation rather merger features, from the KMOS3D survey. Taken fromWisnioski et al. [2015]
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Figure 1.7: High redshift galaxies at z ∼ 2 that show disk rotation rather merger features, from Survey in the
near-Infrared of Galaxies withMultiple position Angles (SIGMA). Taken from Simons et al. [2016]
Figure 1.8: High redshift galaxies at z ∼ 3.5 that show disk rotation, from the KMOSDeep Survey (KDS). Taken
from Turner et al. [2017b]
13
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Figure 1.9: The evolution ofVrot/σ0 as a function of redshift. Taken fromWisnioski et al. [2015]
ies is that the galaxies are significantly supported by pressure rather than a rotation (e.g., Flo-
res et al. [2006]; Weiner et al. [2006]; Kassin et al. [2007]; Förster Schreiber et al. [2006, 2009,
2011]; Gnerucci et al. [2011]; Kassin et al. [2012]; Epinat et al. [2012]; Magdis et al. [2016];
Wisnioski et al. [2015]; Simons et al. [2016, 2017]; Turner et al. [2017b], Fig 1.9). Also, the evo-
lution of the relative role of rotation to turbulence (or pressure), which are traced by the rational
velocity, Vrot, and intrinsic velocity dispersion, σ0, respectively, is well explained by the evolu-
tion of gas fraction (e.g., Wisnioski et al. [2015]); the shaded area and the solid line in Fig 1.9
show the expected Vrot/σ0 evolution by considering the evolution of gas fraction and several
Toomre Q parameters of a disk, i.e., a marginally stable disk with Q = 1 shown as the solid
line, and the shaded area for the range of Q = [0.67, 2.0]. Again, these are findings for the field
population.
How about the galaxies in denser regions? Surveys to probe the kinematic properties of galax-
ies have also been carried out mostly for field population, and not for protocluster main sequence
galaxies. Probing kinematic properties of (proto)cluster galaxies can provide the information re-
garding how similarly or differently cluster populations are formed. As it will be addressed in
Sec 1.4.1, local clusters are often dominated by the early-type galaxies (ETGs), while general
fields are dominated by spiral galaxies, or the late-type galaxies (LTGs) (e.g. Dressler [1980]).
14
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Figure 1.10:Modern view of the Hubble sequence. Taken fromKormendy &Ho [2013]
1.3 Morphological classification of galaxies : the Hubble sequence
As early as the work of Hubble [1926, 1936], the galaxy morphology is one of the fundamental
parameters that classify galaxy populations (Fig 1.10). In Hubble’s tuning fork (or the Hubble se-
quence), elliptical galaxies are spheroidal systems which are supported by the random motions of
the stars. Spiral galaxies on the other side are composed of a rotation-supported disk and a cen-
tral spheroidal bulge component. We find S0, or lenticular, galaxies in the middle of the Hubble
sequence. Further refinements to this classification have included irregular galaxies (e.g. Kor-
mendy & Ho [2013]). The Hubble Sequence seems to be existing up to z ∼ 2 (e.g., Wuyts et al.
[2011]).
Despite the long history of the Hubble sequence, the origin of the Hubble sequence remains
one of the key unresolved questions in astronomy; the physical mechanism that shapes galaxies
differently is still unconstrained. In a recent decade, however, new information on the physical
properties of galaxies is increasing and allows us to revisit the problem deeper than ever.
1.3.1 Size
The size of galaxy is one of the quantitative measures for galaxy morphology. Furthermore,
the size can be used to infer the build-up of angular momentum in galaxies. In the framework
of the ΛCDM model, a disk galaxy (or morphologically spiral in most cases) is formed by the
conservation of angular momentum (e.g., Mo et al. [1998]), after the pristine gas has fallen, and
is shocked and cooled through radiative processes. On the other hand, the formation of ellip-
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Figure 1.11: The evolution of size along themass. Taken from vanDokkum et al. [2015]
tical galaxies is accompanied by the intensive star forming activity that is driven by mergers.
During the course of mergers, the angular momentum of galaxies is dissipated efficiently (e.g.,
Toomre & Toomre [1972]; Toomre [1977]). From such point-of-view, the size provides informa-
tion on the halo properties and the transferred amount of angular momentum from dark matter to
baryons, and hence, it helps us to understand the origin of the Hubble sequence.
Galaxies experience several internal and external processes in the course of their evolution,
and this produces another empirical relation, the relation between the galaxy size and its stellar
mass (hereafter, the mass-size relation, Fig 1.11). The mass-size relation has been used to infer
different evolutionary histories of galaxies. The size evolution of galaxies, at least on the mas-
sive end, is affected by the recent accretion of gas, which is accompanied by the star formation
and the occurrence of mergers (e.g., Buitrago et al. [2008]; van Dokkum et al. [2010, 2015], see
Fig 1.11); (massive) galaxies have larger sizes that have experienced recent gas accretion and
mergers.
Light distribution of galaxies
Here, we give a description of the radial light profile in a galaxy in order to argue the proper-
ties of the galactic structure and the size. The light distribution in elliptical galaxies is often ex-
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plained by the de Vaucouleurs’s profile (de Vaucouleurs [1948]), which is expressed as follows.
log e[
I(r)
I(re)
] = −7.6692[( rre )
1/4 − 1] (1.1)
The light profile of disk galaxies can be expressed by
I(r) = I0 exp (−r/h), (1.2)
where h is called a disk scale length (Freeman [1970]).
These two profiles are generally combined to the Sersic profile (Sersic [1968]) parameterized
with the Sérsic index, n, and the effective radius, re, which is expressed by
log 10[
I(r)
I(re)
] = −bn[( rre )
1
n − 1], (1.3)
n=4 is for the de Vaucouleurs’ r1/4 law and n=1 for the exponential profile of a disk. In the
course of mass assembly, the Sérsic index of galaxies changes mostly from n=1 to n=4; blue
(young) star-forming galaxies on the main sequence are mostly disk-dominated galaxies with
n=1, while red and quiescent galaxies are explained as bulge-dominated galaxies with n=4 (e.g,
Wuyts et al. [2011], Fig 1.5). Therefore, both the Sérsic index itself as one of key structural pa-
rameters and star forming activity are necessary to understand the origin of the Hubble sequence.
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1.4 Galaxy quenching and its origin
Two main agents, i.e., environment and galaxy mass, are often considered as the drivers of
galaxy evolution and quenching, phenomenologically. The concept to explain the individual
and the relative roles of the agents is often referred as ‘nature (mass)’ or ‘nurture (environment)’
paradigm. Understanding the physical ground for the paradigm is important to investigate galaxy
evolution in different environments. It seems that the roles of mass and environment are inde-
pendently separated up to z ∼ 1 (Peng et al. [2010], see also Weigel et al. [2017] for a minor
role for merger quenching). In the following sections, we review these two aspects about galaxy
quenching.
1.4.1 Environmental process : nurture
The dependence of galaxy properties on their environment has been studied for four decades
(e.g., Oemler [1974]; Davis & Geller [1976]; Dressler [1980]). For example, the relative fraction
of different morphological types of galaxies changes with environment and the observational fact
is called as the morphology - density relation (Dressler [1980]). The fractions of elliptical and S0
galaxies (i.e., early-type galaxies) are increasing with increasing local density, while the spirals
dominate the low-density environments (Fig 1.12).
Kinematically, early-type galaxies are subcategorized by two types; i.e., slow rotators (SRs)
and fast rotators (FRs). Slow rotators are less rotation-dominated systems with small ellipticity,
i.e., a rounder structure, while fast rotators have ranges of the ellipticity with dominant rotating
component.
Less than a half of the early type galaxies are SRs, and the fraction of SRs seems to rapidly
increase in the densest regions (e.g., Cappellari [2013]; D’Eugenio et al. [2013]; Scott et al.
[2014]). On the other hand, the fraction of the FRs is gradually increasing toward denser regions.
Such trend, which we call as the kinematic morphology-density relation, is similar to the clas-
sical morphology-density relation; the number of elliptical galaxies grows in the densest region
(like SRs) and that the fraction of S0s gradually increases toward the denser regions (like FRs).
The morphology– and the kinematic morphology–density relations imply different formation
mechanisms to form SRs (elliptical galaxies) and FRs (S0), though the observational studies
need further investigation.
Finally, we summarize the physical mechanisms under which morphologies and kinematical
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Figure 1.12: The revised version of morphology–density using up-to-date information, e.g., redshift, local den-
sity, completeness, which is ‘qualitatively’ similar to ﬁndings four decades ago. Further discussions are provided
within Houghton [2015] fromwhich this ﬁgure is also taken. E stands for elliptical, S0 for lenticular galaxies and
S+I for spiral and irregular galaxies.
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Figure 1.13: The size-mass relation considering the relation tomorphological classiﬁaction. Taken fromCappel-
lari [2016]
signatures (or natures) of galaxies in dense environments are influenced and defined. They are
globally grouped into two, which are (i) gravitational interactions and (ii) gas-dynamic effects.
The former case includes tidal encounters (Icke [1985]; Moore et al. [1999]), galaxy harassment
(Moore et al. [1996, 1998]) and mergers including both major (e.g., Toomre [1977]) and minor
(e.g., Bekki [1998]) mergers. The latter includes ram pressure stripping (Gunn & Gott [1972]),
starvation (Larson et al. [1980]) and thermal evaporation (Nipoti & Binney [2007]).
1.5 Secular evolution : nature
The other main driver of galaxy evolution is the galaxy mass or the internal (or secular) pro-
cesses driven by its stellar mass. Above a certain value of galaxy mass, the star formation is
halted (Bundy et al. [2006]). Massive galaxies tend to be red with little star formation than less
massive galaxies. This fact is closely related to the sub-linear nature of (phenomological) main
sequence, and cosmological downsizing. The latter is the observational fact that more massive
galaxies have stopped the star forming activity and become quiescent earlier than the less mas-
sive ones (Cowie et al. [1996]; Bell et al. [2005]; Bundy et al. [2005]). Accordingly, the age is
older for a more massive galaxy. In the massive regime, the quenching of star formation can be
occurred due to a hot halo after it is virialized and shock heated (e.g., Rees & Ostriker [1977];
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White & Rees [1978]; White & Frenk [1991]). No more cool gas is accreted then and the current
gas reservoir cannot be sufficiently cooled to form stars within a considerable time.
1.5.1 Galaxy co-evolution with supermassive blackhole
An additional important question related to galaxy evolution is on the connection between the
galaxy assembly (and quenching) and the growth of central supermassive black hole. While the
physical scales of galaxies and blackholes are different by more than three orders of magnitude,
observational studies have shown that there is a tight correlation between the supermassive black
hole mass in the center of the galaxy and the bulge mass (e.g., Kormendy & Ho [2013]). This
suggests a possible physical link between the BH growth and galaxy evolution.
In galaxy evolutionary models, feedback mechanisms are necessary to explain the non-monotonic
relation between the expected halo mass and the observed stellar mass (e.g., Bower et al. [2012]).
The AGN feedback seems to help to explain the discrepancy between the halo mass function and
the stellar mass function of galaxies, at least on the massive-end, though the detailed recipes are
still unconstrained in both observations and simulations; the term of feedback indicates all the
possible solutions related to the injection of energy into the ISM and haloes through jets, winds
and radiation that can affect on various scales of time and space. Such feedbacks from the AGNs
can prevent the cooling of baryons that can lead to a (rapid) quenching of galaxies. If they are
strong enough, they can change the physical conditions of broader regions of the Universe.
1.6 Dissertation outline
The Dissertation presented herein focuses on revealing the physical properties of star forming
galaxies associated to one of the indentified protoclusters at z=2.5, the protocluster 4C23.56. We
expect that the protocluster may evolve into a massive cluster (> 1014 M⊙) at z = 0. We study
the normal galaxy population on the main sequence, to give a broader context of galaxy evolu-
tion within high redshift overdense regions. We emphasize that the study presented here is one
of the first systematic surveys to reveal the cold gas properties of typical star forming galaxies in
the protoclusters and the probed redshift is the highest among the published literature (as of the
submission date).
We summarize the parameter spaces in Table 1.1 to show the progress to date, of the stud-
ies toward field regions (unbiased, non-overdense region) and (proto)clusters, together with the
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missing pieces of parameters to present the motivation of studies in the Dissertation. The most
well studied population is the massive, main-sequence galaxies. The properties of both less mas-
sive and less luminous (less star forming galaxies) populations are barely probed so far. Com-
pared to field studies, very limited number of (proto)clusters are investigated in terms of gas
content and kinematics. On each parameter space in the table, we add symbols to indicate the
relative number of studies to provide qualitative impression. We note that the symbols does not
provide quantitative definition; roughly speaking, a double circle (!) indicates the number of
investigated galaxies (in the designated item) is above ∼ 50, so it allows a systematic study; a
circle (◦) is used to indicate the number of the probed galaxies is above ∼ 10, and the studies
are mostly done for individual galaxies; a triangle (△) indicates the number of galaxies less than
∼ 10 or the number of literature is less than a handful that targeted a small fraction of galaxies
in the considering system; an X mark (×) is used to indicate that none of the galaxies are probed
so far, or uncertain with undefined environment. In the table, we show the main targets and the
parameters of our study in bold faces, which are the massive, main-sequence galaxies that are
associated to the protoclusters and we investigate their properties of gas content and gas kinemat-
ics.
Table 1.1: Summary of previous observational studies done for star forming galaxies at z=1-3 in each item, to-
gether with studies in this dissertation.
field (proto)cluster
massive (> 1010 M⊙) ! △ : this dissertation + a few literatures
less massive (< 1010 M⊙) △ △
high sSFR ◦ △
on the main sequence ! △ : this dissertation + a few literatures
low sSFR △ ×?
gas content ! △ : this dissertation+ a few literatures
gas kinematics ! × : this dissertation
To probe the massive main-sequence galaxies, we take Hα emitters (HAEs) that were previ-
ously identified as relatively secure members in one of the high-z overdense structures at z = 2.5,
by using the narrow band technique.
This dissertation aims to clarify the following things :
1. What is the gas fraction of the star forming galaxies in the protoclusters?
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2. In relation to the gas content, is there a difference between the comparable field galaxies
at the same redshift? If so, why would that be? If not, why would not?
3. Are star forming galaxies associated to the protoclsuters mostly mergers or disks?
4. For disk galaxies, is there any kinematic difference between the comparable field galaxies
at the same redshift?
This dissertation is organized as follows. Chapter 2 presents a brief introduction of the se-
lection of the protocluster and the target that are investigated throughout the dissertation and ex-
plains how we define the environment. In Chapter 3, we investigate the global gas content from
the observations of CO lines and dust continuum and discuss the implication of the observed
results. Chapter 4 presents the information of gas kinematics and we discuss the properties of
disks and mergers. In Chapter 5, the summary and the conclusions of all of the measurements
are provided. In Appendix C, we report the multi-band observations of continuum emission in
cm-to-mm wavelengths, to provide the current limits on the number of continuum detection.
Throughout this paper, we assume H0 = 67.8 km s−1 Mpc−1, Ω0 = 0.308 and ΩΛ = 0.692
[Planck Collaboration et al., 2015]. The adopted initial mass fuction (IMF) is Chabrier IMF in
the mass range 0.1 - 100 M⊙.
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Protocluster 4C23.56 at z=2.49
A part of this chapter is published as Lee et al. [2017].
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2.1 Sample selection and target field
2.1.1 Hα emitters
We targeted Hα emitters (HAEs) to study typical star forming population in the protocluster.
They were originally detected by using the narrow band (NB) technique (Tanaka et al. [2011], I.
Tanaka et al., in preparation) with MOIRCS/Subaru (Ichikawa et al. [2006]). The parent sample
are 25 HAEs in total that are detected within the field of view (FoV) of MOIRCS/Subaru (∼
28 arcmin2, corresponding to ∼ 84 co-moving Mpc2). The narrow band filter technique can
effectively choose galaxies that are located in a specific redshift range. Given the width of the
NB filter, which is Δλ = 0.023 μm with a central wavelength of 2.288 μm, the Hα emission can
be traced within 2.469 < z < 2.503 (∼40 comoving Mpc). The redshift range corresponds
to the velocity width of ±1500 km s−1, which is sufficiently large to trace the non-virialized
protocluster members. For reference, the velocity dispersion of Hα ranges between 41 and 717
km s−1 as a whole, which are found in z = 2.2 and z = 2.5 protoclusters (Shimakawa et al.
[2014]). For Lyman α emitters, it is ∼ 200− 1000 km s−1 (Venemans et al. [2007]; Chiang et al.
[2015]). The expected size (Re*) of high-z protoclusters near z = 2− 3 is Re ∼ 5− 10 comoving
Mpc depending on the size at z = 0 (Chiang et al. [2013], but see also Muldrew et al. [2015]).
The stellar mass and star formation rate of the parent HAE samples spans three orders of mag-
nitude and two orders of magnitude, respectively (Fig. 2.1, I. Tanaka et al., in preparation, and
see next section for a brief description for the estimation of SFR andM⋆). In sSFR, the range
is 0.2 < sSFR(Gyr−1) < 301.0. On the massive-end, the sSFR is consistent with the typical
sSFR of the main sequence, which is ∼ 1− 3 (Gyr−1) (e.g., Whitaker et al. [2012]; Speagle et al.
[2014]). Provided this, we use the (NB-selected) HAEs as a probe for investigating the nature of
typical (massive) star-forming galaxies on the main sequence. As such, HAEs have been used
for understanding massive main-sequence galaxies (e.g., Geach et al. [2008]; Sobral et al. [2009];
Koyama et al. [2013]; Tadaki et al. [2013]; Oteo et al. [2015]).
*Based on Chiang et al. [2013], the definition of Re is a radius within which a significant fraction
(40%) of the total mass is included.
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Figure 2.1: Distribution of galaxies in the SFR–M⋆ plane of the parent samples of HAEs in 4C23.56 (I. Tanaka
et al., in preparation). The stellar mass is derived from the J and Ks bands and SFR is derived from the (contin-
uum subtracted) NB ﬂux by considering dust extinction and [NII] contribution (see also Sec 2.1.3 for a short
description). We also plot lines for galaxies above (×4,×10, dotted) and below (1/4, 1/10, dashed dot) the
main sequence at z=2.5. We used formulae presented in Speagle et al. [2014] (yellow band) andWhitaker et al.
[2012] (green solid line and dashed lines for±0.3 dex) to show the z∼2.5main sequence galaxies. Most HAEs
with stellar mass ofM⋆ > 1010 M⊙ are on themain sequence within the scatter of themain-sequence galaxies
(±0.3 dex), which will be themain targets discussed in the Dissertation.
2.1.2 Protocluster 4C23.56
Protocluster 4C23.56 was identified as an overdense region of the NB-selected HAEs that was
a part of the MAHALO-Subaru (MApping HAlpha and Lines of Oxygen with Subaru) survey
(Kodama et al. [2015]). The protocluster is close to radio galaxy 4C23.56 (HAE1) at z = 2.483
± 0.003 (Roettgering et al. [1997]); it is one of the identified protoclusters with the searching
method of using radio galaxies, as reviewed in the Introduction.
Protocluster 4C23.56 is known to have overdensities of differently selected galaxy popula-
tions besides HAEs (Tanaka et al. [2011]), including the populations of mass-selected distant
red galaxies (DRGs) (Kajisawa et al. [2006]), extremely red objects (EROs, Knopp & Cham-
bers [1997]), IRAC (Mayo et al. [2012]), MIPS (Galametz et al. [2012]) sources and SMGs ob-
served at 1.1 mm with the Atacama Submillimeter Experiment (ASTE; K. Suzuki 2013 PhD
thesis; M. Zeballos et al. in preparation). In other words, there are ancillary data sets to probe
different galaxy populations, which makes the protocluster as one of the best targets to study
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Figure 2.2: The distribution of HAEs in blue circles tagged by the source ID in 4C23.56, overlaid on the
AzTEC/ASTE 1.1mm single dish image (background color, K. Suzuki 2013 PhD thesis; M. Zeballos et al. in prepa-
ration). Multiple SMGs are overlappedwith HAEs suggesting that HAEs are undergoing a dusty star formation.
The brightest SMG (4C23-AzTEC 1) detected with AzTEC/ASTE at 1.1mm, near HAE14, is not associated to
the protocluster (Suzuki et al., in preparation). Thus, relatively moderate star forming galaxies on themain se-
quence are associated to the protocluster. The color bar shows the ﬂux density observed by AzTEC in the unit
of Jy. We also plot a HAE surface overdensity map in black contours that is estimated by assuming a Gaussian
kernel with a FWHMof 0′.8.
galaxy evolution in the high redshift protoclusters. Here, we only focus on HAEs because the ob-
served populations other than HAEs have only rough (e.g., lower limit) or no redshift constraints
in most cases; the redshifts of HAEs are relatively well-defined by the narrow-band selection
(Δz = 0.03).
Related to HAEs, three SMGs discovered with ASTE overlap with the position of all of our
HAEs except for HAE5, 11, 24 and 25. Further, the positions of three SMGs are roughly coin-
cident with the peak overdensity of the HAEs (Fig. 2.2). This has prompted an idea that HAEs
associated to the protocluster are experiencing dusty star forming phases and the SMGs are asso-
ciated to the protocluster. Due to the coarse resolution of the submm single dish telescope, which
is ∼ 30′′, a strong request for high resolution imaging has emerged. With this background, our
case study of the protocluster region has started.
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2.1.3 Ancillary data
MOIRCS/Subaru NIR data : Mstar and SFR
The stellar masses (M⋆) and SFRs of the HAEs are derived from the broad-band emissions in
J and Ks bands and the Hα emissions within the NB-filter, respectively. The observations are
executed under the seeing limited condition, i.e., 0.7′′. We note that 8 broad/intermediate/narrow-
band images are existing in the optical-to-near infrared (NIR) range by using Subaru, i.e., B,
IA427, r′, z′, J, H, Ks, and NB2288 (which is called as the ‘CO’-filter). However, we use only
the above three bands instead, because the data quality (i.e., the depth and the resolution) is not
as good as that obtained in the longer-wavelengths (I. Tanaka et al., in preparation).
We present a brief summary of the derivation of physical parameters, which will be used in
the thesis, and the full description of the data reduction and analysis for the NIR observations
will be presented in I. Tanaka et al. (in preparation). The stellar mass is derived using [J − Ks]
color and Ks magnitude and calibrated from empirical fitting between Bruzual & Charlot [2003]
(BC03) population synthesis model and the spectral energy distribution (SED) fitting with the
FAST code†. The SFR is converted using the method described in Kennicutt & Evans [2012]
from the Hα flux that is measured from the NB filter excess. We corrected for dust extinction in
estimating the SFR, by taking into account the extinction term which is described in Garn & Best
[2010]. This employs mass-dependent extinction correction. This correction method seems to
hold up to z ∼ 1.5 (Sobral et al. [2012]; Domínguez et al. [2013]; Ibar et al. [2013]) and is often
used for distant galaxies (z∼2) as a proxy for dust extinction (e.g., Sobral et al. [2014]). We will
discuss later the effect of the adopted dust correction method (Sec 3.3.2).
The massive (M⋆ > 1010 M⊙) HAEs are, in general, located near the main sequence defined
at z = 2.5 (Speagle et al. [2014]; Whitaker et al. [2012, 2014]; Lee et al. [2015]) as shown in
Fig. 2.1, though there are several outliers. The outliers on the massive-end are (potential) AGNs
such as HAE1 (which is the radio galaxy 4C23.56) and HAE5 (Tanaka et al. [2011]). The SFRHα
values of them are probably overestimated owing to the AGN contamination The other outlier is
HAE7 with lower sSFR, which might be close to quenching or becoming passive.
Low-mass galaxies have large uncertainties than the massive ones. The primary reason of
large errors is due to the low S/N in the photometry of both the Ks and J bands. We tentatively
find a signature of enhanced star formation at a given stellar mass. Such signature as an intrin-
†http://w.astro.berkeley.edu/ mariska/FAST.html
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sic elevation of star formation has been reported in other protocluster members (Hayashi et al.
[2016]; I. Tanaka et al., in preparation). While the SFRs might be overestimated for the less mas-
sive galaxies (e.g., see Fig 8 in Shivaei et al. [2016]), further investigation is beyond the scope of
the Dissertation. Since the galaxies detected in the ALMA observations, which will be presented
in the following Chapters, are massive enough, the uncertainties in less massive galaxies would
not critically affect our discussion.
Additionally,the adaptive optics (AO)-supported observations are recently conducted with
IRCS/ Subaru in K′ band at a resolution of 0.2′′ for several HAEs, where a natural guide star is
available (Y. Koyama et al., in preparation; M. Lee et al., in preparation). The AO images will be
shown in the next Chapter, only to provide some visual hints for understanding the nature of the
galaxies. We defer the full description and detailed analysis of the AO observations in the future
papers.
MIPS/Spitzer 24 μm
The MIPS/Spitzer 24 μm archival data (PI: A. Stockton ; Program ID 30240) is retrieved from
the Spitzer Heritage Archive (SHA) interface‡. We used the MOPEX software package for im-
age processing. The detailed analysis of MIPS is not presented in this dissertation, since the
24 μm image is only to show the visual characteristics, i.e., whether a galaxy is detected or not
at 24 μm, of the HAEs in the following discussions in Chap 3.
2.2 Local environment
There are many different methods to measure the galaxy environment. Broadly, they are subdi-
vided into two groups of those that use a ‘distance parameter’ of neighboring galaxies to define
the density, and of the others that measure the galaxy density at a fixed aperture. This section in-
troduces two measures of one each from the two groups to define the quantitative environment of
protocluster 4C23.56.
‡http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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Figure 2.3: Evolution of size of the protocluster. Adopted fromChiang et al. [2017]
Fixed aperture
First, we measure a galaxy number density in a fixed aperture by assuming a typical size of
high-z protocluster. We use a fixed aperture of Gaussian kernel with a FWHM of 0.′8, which
corresponds to a physical size of 200 kpc in radius ( or ∼ 0.74 comoving Mpc in radius). The
adopted aperture is reasonable, given the distribution of HAEs in the protocluster (see the phys-
ical scale shown in Fig 2.2) and the typical size of the protocluster core at z ∼ 2 in simula-
tions (Fig 2.3). The estimated (relative) scales of the overdensity based on the fixed-aperture,
are shown in Fig 2.2 and Fig 2.4 as solid line contours. We also note that the evolution of the
size of protoclusters is dramatic that the assumed size does not represent the typical size of
(proto)clusters at different redshift; the volume which encompass the whole structure of proto-
clusters at z = 6 is expected to be roughly 6% of the cosmic volume, while the filling factor of
protoclusters decreases significantly toward the local universe (Fig 2.3).
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N-th nearest neighbor
Another method to define the environment is to use the distance to the N-th nearest neighbor.
It is based on the idea that galaxies with closer neighbors are in denser environments. The pro-
jected surface density, σN, is defined by the equation as follows:
σN =
N+ 1
πr2N
(2.1)
where (N+1) is the number of galaxy within rN, defined by the distance to the N-th nearest neigh-
bor. Since the distance information is not of sufficient accuracy without spectroscopic redshifts,
we use the projected 2D measures onto the sky (but see a preliminary “3D”-distribution in Sec 4.2.2).
Nevertheless, we implicitly impose a velocity cut of ±1500 km s−1, given the width of the NB
filter (see Section 2.1.1).
Hereafter, we refer to the local density as that defined by the distance to the 5th nearest HAEs,
if otherwise specified. In fact, the local density from the 5th-nearest HAEs is broadly consistent
with the density estimated by the fixed aperture (Fig 2.4). Qualitatively speaking, the 5th nearest
distance seems to be more sensitive to local densities than the fixed aperture.
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Figure 2.4: Overdensity estimated by the distance of 5th nearest HAEs in green color scale. The contour is the
overdensity estimated from a ﬁxed aperture. See text for details.
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The most remarkable discovery in all of astronomy is that the stars are
made of atoms of the same kind as those on the earth.
Richard Feynman
*?Ti2` 3
Global gas content
This chapter is based on the published paper Lee et al. [2017].
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This chapter reveals the gas content of star forming galaxies that are associated to one of the
identified high redshift protoclusters. The term “gas” hereafter refers to the molecular gas as the
measurement is. It can be regarded effectively as the total gas mass at the considered resolution
(∼a few kpc) because the atomic gas content might be negligible (within the effective radius)
with higher ISM pressure at high redshift, particularly at the massive-end (e.g., Obreschkow &
Rawlings [2009]; Lagos et al. [2012]).
3.1 ALMA observations and analysis
3.1.1 CO (3–2) at Band 3 and 1.1 mm at Band 6
We observed the HAEs with Atacama Large Millimeter/submillimeter Array (ALMA). The
Band 3 CO (3–2) observations have been performed to cover 22 HAEs, and the Band 6 1.1 mm
observations have been performed to cover 19 HAEs (See Fig. 3.1). We have listed ALMA-
targeted samples in Table 3.1, 3.2 and 3.3. The IDs in the first column are revised versions of
those in Tanaka et al. [2011], and the reference IDs from Tanaka et al. [2011] are shown in the
last column.
ALMA 1.1 mm observations were performed in Cycle 1 and CO (3–2) observations were
performed in Cycle 2 (ALMA#2012.1.00242.S, PI: K. Suzuki).
The Band 6 continuum observations at 1.1 mm were observed typically ∼ 4 mins per pointing
direction for 8-pointing target observations, covering 19 out of 25 HAEs (Fig. 3.1). The correla-
tor is set to target four spectral windows with an effective bandwidth of ∼ 1.875 GHz each that
is taken in the time division mode (TDM) (channel widths of 15.6 MHz or ∼ 18 km s−1). The
central frequencies of the four spectral windows are 256.0, 258.0, 272.0, and 273.8 GHz. The
noise level (1σ) is ∼ 0.08 mJy beam−1 per field, except for one field with ∼ 0.12 mJy beam−1.
The field is where a bright SMG 4C23 AzTEC1 SMG (S1.1mm, single dish = 10 mJy) is detected (K.
Suzuki 2013 PhD thesis; M. Zeballos et al. in preparation). The baseline lengths were between
17 and 462 m. We observed J2148+0657, Neptune, and J2025+3343 as a bandpass, flux, and
phase calibrator, respectively.
The Band 3 CO(3-2) observations were executed for targeting 22 HAEs. The total on-source
time was 4 hours for 4-pointing (thus ∼ 1 hr per pointing direction). The correlator is set to tar-
get four spectral windows (SPWs) with effective bandwidth of ∼ 1.875 GHz each. One SPW
centered at 99.3 GHz, is taken in the frequency division mode (FDM) (channel widths of 0.49
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MHz or ∼ 1.5 km s−1), to trace the redshifted CO(3–2) line (νrest = 345.79599 GHz) at z = 2.5.
The remaining three spectral windows are taken in the time division mode (TDM) (a channel
width of 15.6 MHz or 47 km s−1) and are centered at 101.1, 111.3 and 113.2 GHz. The veloc-
ity coverage of the CO observations is ∼ 6400 km s−1, corresponding to a redshift coverage of
2.385 < z < 2.516 in the lower side band and 2.031 < z < 2.134 in the upper side band.
This is sufficient to cover the expected redshift range of the 22 HAEs detected by the NB tech-
nique (z = 2.486 ± 0.017). Larger field of view and sufficient pointing allowed for all 19 HAEs
covered by the 1.1 mm observations to be fully covered by the Band 3 observations (Fig. 3.1).
The typical noise (1σ) level is ∼ 0.17 mJy for the spectral resolution of 100 km s−1. In general,
we estimate the signal-to-noise ratio (S/N) with a spectral resolution of 100 km s−1, except for a
case in which we needed a higher velocity resolution. For example, HAE5 is analyzed in higher
spectral resolution, since strong emission in a single channel are found with S/N > 6.5. The
noise level in this case became worse, i.e., ∼ 0.3 mJy, but it was sufficient in that the detection
of this galaxy satisfied our detection criteria (see Section 3.1.2). The flux calibrator was Titan for
Band 3. J1751+0939 and J2148+0657 were chosen as bandpass calibrators and J2025+3343 as a
phase calibrator. The minimum baseline was 43 m, and the maximum baseline was 1574 m for
Band 3.
We applied the CLEAN algorithm to the calibrated visibilities with natural weighting to pro-
duce images for both observations by using the Common Astronomy Software Applications
package (CASA, used 4.2.2 version for calibration and imaged with 4.6.0 version). The absolute
flux uncertainties for both bands were estimated as ∼ 15 − 18%, which were not taken into ac-
count for the flux error throughout this paper. The synthesized beam sizes are 0′′.91×0′′.66 (PA
= 23.5◦) for Band 3 and 0′′.78×0′′.68 (PA = 0.4◦) for Band 6. The sub-arcsec resolution is suffi-
cient to pin down SMGs detected by ASTE (with its typical beam size of ∼ 30′′) and to search
for counterparts detected at other wavelengths, e.g., images obtained in NIR/optical bands.
3.1.2 Detection and flux measurement
Detection criteria
Searching area for detection is within a radius of r = 1′′ around the position of the HAEs. We
set a following detection criteria for detection.
We regarded a galaxy as detected in ALMA Band 6 (1.1 mm continuum) if a peak flux density
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Figure 3.1: The distribution of HAEs. We show the source ID near the position of the HAEs. The background
image is the Subaru/MOIRCS Ks band image (I. Tanaka et al., in preparation). The blue ﬁlled circles indicate
galaxies detected simulataneously in CO (3–2) and 1.1mm, red triangles indicate galaxies only in CO (3–2).
Green open squares show the remainder of HAEs detected with the NB ﬁlter technique. The ﬁelds of view
(FoVs) of ALMABand 3 CO (3–2) (white open circles) and Band 6 1.1mm (yellow dashed circles) observations
are shown on themap. The total number of pointing is 4 and 8 for Band 3 and Band 6, respectively. A scale bar is
shown at the bottom left corner to represent a physical size of 300 kpc.
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is above 4 σ. A CO (3–2) line was regarded as detected if at least two among three criteria (a-c)
are satisfied : (a) a peak flux > 4 σ, (b) at least two continuous channels including a maximum
peak flux channel have flux > 3.5 σ, and (c) (spatially smoothed) velocity-integrated peak flux
S/N is above 5 before the primary beam correction. All galaxies except HAE4 (=6/7) satisfy all
the conditions. HAE4 has two distinct but not continuous peaks (> 4 σ) that are 100 km s−1
(one channel) apart (Fig. 3.2). We show CO (3–2) spectra in Fig. 3.2-3.5.
The CO (3–2) redshift is broadly consistent with other current available detections including
CO (4–3) (see Chap 4) and the NIR spectroscopy (Tanaka et al. in prep.). For the definition of
the CO (3–2) redshift, we choose the median velocity component due to the broad nature of spec-
trum for many of the galaxies and relatively low S/N.
Flux
The flux measurement is based on the measurement of the peak flux and the peak integrated
flux which were measured after the map is smoothed to get high S/N. We measured the flux af-
ter primary beam correction. All of the sources are within a good sensitivity region ; thus, the
measured flux was not changed significantly by the primary beam correction (within ∼ 10%).
For the estimate of the noise level in the CO (3–2) line cube, we measured by averaging five
line-free channels in the primary-beam-corrected-image. Small scale data cubes were cut out
around the source (with a size of 15 × 15′′) using immath from the original map with FoV of
∼ 74′′ and then masked (with a radius of 1.5 times the beam size) for the known bright sources
(including HAEs). The noise level in Band 6 was derived from the sliced image around the
source with a size of 6′′ × 6′′ from a larger image with FoV ∼ 30′′ and then masked for the
detected known sources.
We smoothed images using the CASA command imsmooth. The main reason for this is to
neglect a galaxy structure for the measurement of global gas content. The S/N increased by
collecting diffuse, extended emissions from the outskirts of a galaxy that could be missed with
the sub-arcsec (∼ 6 kpc at z = 2.5) beam size. We used image-based smoothing instead of uv-
visibility based tapering since smoothing on the image gives a better S/N than tapering the uv
visibilities. Smoothing also allowed us to avoid the divergence of 1-component Gaussian spec-
trum fitting for a disturbed galaxy, which likely constitute roughly a half of the detected HAEs.
The images in Band 3 for CO (3–2) were smoothed channel by channel.
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Table 3.1: Source information for detection
Source ID RACO32 DecCO32 M⋆ SFR(H-alpha, corr) ICO (3−2) S1.1mm ID in T11
(J2000) (J2000) × 1010 M⊙ M⊙ yr−1 Jy km s−1 mJy
HAE3 316.837650 23.520500 13.0±1.9 176±78 0.352±0.06 0.53±0.14 354
HAE4 316.840213 23.527986 19.7±5.1 414±175 0.246±0.03 <0.54 479
HAE5 316.820742 23.508458 6.1±1.1 374±140 0.09±0.02 <0.33 153
HAE8 316.816433 23.524292 7.8±2.7 156±63 0.263±0.03 0.75±0.12 431
HAE9 316.844121 23.528694 6.8±3.6 90±40 0.542±0.06 1.21±0.21 511
HAE10 316.815525 23.520000 5.1±2.6 115±47 0.362±0.06 0.44±0.12 356
HAE16 316.811025 23.520958 4.4±4.3 76±32 0.493±0.07 <1.1 –
The adopted size of smoothing Gaussian kernel is 0′′.8 × 0′′.8 for Band 6 and 0′′.6 × 0′′.6
for Band 3. A detailed analysis on the choice of Gaussian kernels is presented in Appendix A.1.
To summarize the method, we investigated S/N as a function of the smoothing kernel. This is ef-
fectively equivalent to considering the growth curve of galaxy emission as a function of aperture
size. By using the smoothing kernel sizes, images in different bands are with a similar smoothed
beam size of 1′′.1× 0′′.9 for Band 3 and 1′′.1× 1′′.0 for Band 6. The adopted sizes give the max-
imum S/N, and the flux is ∼ 50 − 90% of the maximum flux measured up to 4′′.0 (physical size
of ∼ 33 kpc at z = 2.5) smoothing kernel. The beam sizes correspond to ∼ 8.5 kpc in physical
scale for both 1.1 mm and CO (3–2) and are sufficient to recover the total flux given the typical
size of a star-forming galaxy at high z (r1/2,CO ∼ 5 kpc, e.g., Bolatto et al. [2015]).
We compute and choose an integrating range for CO (3–2) instead of performing a Gaussian
fit for CO (3–2), following the description in Seko et al. [2016]. The map was checked by eye
afterward for unexpected cases, such as extremely broad line widths to integrate, because some
galaxies have unusual spectra that are not well-fitted with a single gaussian, in addition to inho-
mogeneous spatial distributions and the velocity gradients (see Fig. 3.2-3.5 for the morphology
and spectrum)
We detect seven and four HAEs in CO (3–2) and dust continuum out of 22 and 19 HAEs, re-
spectively, from our detection processes in our targeted fields (see also Fig. 3.2-3.5 for a gallery
of detected sources). We summarize flux values for detected sources in Table 3.1, and for non-
detection in Table 3.3. The detected sources have stellar mass > 4 × 1010 M⊙, and two of them
have stellar masses exceeding ∼ 1011 M⊙ (HAE3, HAE4).
3.2 Gas mass
Total gas mass is measured from the estimated flux (Sec 3.1.2) of dust continuum and CO (3–
2) line emission. In the following two sections, we address how the gas mass is estimated.
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Figure 3.2:Multi-band images of sources detected using ALMAwith having either CO (3–2) or 1.1mmde-
tection for HAE3 (top two rows) andHAE4 (bottom two rows). From left to right (upper row of each target) :
CO (3–2) integrated intensity, CO (3–2) spectrum at the peak, 1.1 mm,MIPS 24 μm, (lower row ; continuum-
subtracted NBHα, Ks, and Kp (AO). The center of each panel is set by the CO (3–2) peak position. We plot
contours of CO (3–2) and 1.1mm emission in steps of 2σ starting from 3σ since the color scales of the panels
are is slightly different. The beams of CO (3–2) (0′′.91×0′′.66, PA = 23.5◦) and 1.1mm (0′′.78×0′′.68, PA =
0.4◦) are shown on the bottom left. The CO (3–2) spectrum is shown for the range between 98.4 and 100.2 GHz
into which the redshifted CO(3-2) at z∼2.5 would fall. The velocity resolution is set to 100 km s−1 in general,
but it is set to 30 km s−1 for HAE5 (see Fig. 3.3). The yellow region of each spectrum is the integrating velocity
range that delivers the highest S/N (Sec. 3.1.2). The 3σ for the CO (3–2) contour is also overlaid on each NB
Hα image for comparing the distribution. In the AO images, we ﬁnd compact components for themost massive
galaxies among those detected (HAE3 and 4), while the rest aremarginally visible, suggesting the relatively
diffuse nature of the stellar component. We also plot a cyan circle with a radius of 1′′, which is also centered
on the peak position of CO(3-2), to show the scale of the panel and to point out that the counterpart at differ-
ent wavelengths is located near the CO(3-2) position or within 2′′ in general (see also Appendix A.2). As the
MIPS/Spitzer observations at 24 μmhave a coarse resolution compared to those of other bands, we zoom out
images to clearly show the detection.
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